Multiplexed protein analysis has shown superior diagnostic sensitivity and accuracy compared to single proteins. Antibody microarrays allow for thousands of micro-scale immunoassays performed simultaneously on a single chip. Sandwich assay format improves assay specificity by detecting each target with two antibodies, but suffers from cross-reactivity between reagents thus limiting their multiplexing capabilities. Antibody colocalization microarray (ACM) has been developed for cross-reactivity-free multiplexed protein detection, but requires an expensive spotter on-site for microarray fabrication during assays. In this work, we demonstrate a snap chip technology that transfers reagent from microarrayto-microarray by simply snapping two chips together, thus no spotter is needed during the sample incubation and subsequent application of detection antibodies (dAbs) upon storage of pre-spotted slides, dissociating the slide preparation from assay execution. Both single and double transfer methods are presented to achieve accurate alignment between the two microarrays and the slide fabrication for both methods are described. Results show that <40 μm alignment has been achieved with double transfer, reaching an array density of 625 spots/cm 2 . A 50-plexed immunoassay has been conducted to demonstrate the usability of the snap chip in multiplexed protein analysis. Limits of detection of 35 proteins are in the range of pg/mL.
Introduction
A panel of biomarkers comprising multiple proteins may provide higher sensitivity and specificity than a single biomarker in the diagnosis of complex diseases such as cancers 1, 2 . The enzyme-linked immunosorbent assay (ELISA) has been the gold standard technology used in clinical laboratories achieving a limit of detection at low pg/mL in plasma, but limits to one target per assay 3, 4, 5 . Antibody microarrays have been developed for accommodating thousands of miniaturized assays conducted in parallel on a single microscope slide 6, 7, 8 . However, the multiplexing capability of this method is limited by reagent-driven cross-reactivity, arising from the application of a mixture of dAbs, and it becomes more problematic with an increasing number of targets 9, 10, 11 . Pla et al. have stated that the resulting vulnerability of a multiplex sandwich assay scales as 4N (N-1) where N is the number of the targets 12 
.
To mitigate cross-reactivity in antibody microarrays, antibody colocalization microarray (ACM) has been developed in our laboratory for multiplex sandwich assay 12 . Capture antibodies (cAbs) are spotted on a substrate with a microarray spotter. After blocking samples are applied on the surface, and then individual dAbs are spotted on the same spots with the cAb-antigen complex. All cross-reactivity scenarios between antibodies and antigens can be mitigated with ACM, and limits of detection at pg/mL have been achieved. However, the assay protocol requires preparing and spotting the dAbs during the experiments using an on-site microarray spotter with high precision for alignment purpose, which is expensive and time consuming, limiting the wide application of this technology in other laboratories. A handheld ACM, named snap chip has been developed for cross-reactivity-free and spotter-free multiplex sandwich immunoassays 13, 14, 15 . cAbs and dAbs are pre-spotted onto an assay slide and a transfer slide respectively in microarray format and stored. During the assay, the slides are retrieved and a microarray of dAbs are transferred collectively onto the assay slide by simply snapping the two chips together. A snap apparatus is used for reliable reagent transfer. Nitrocellulose coated slides with a relatively large antibody binding capacity have been used as the assay slides to absorb the liquid droplets and thus facilitating reagent transfer, however, the slides are more expensive than regular glass slides and microarray scanners compatible with nontransparent slides are needed for signal acquisition.
In this work, we demonstrate the protocol of performing a multiplex sandwich immunoassay with a snap chip. A novel snap apparatus has been developed for more convenient and reliable reagent transfer from microarray-to-microarray. Importantly, here we have established the reagent transfer method onto regular glass slides with the snap chip. 1024 spots were successfully transferred and aligned onto a glass slide, significantly expanding the use of this technology in most laboratories.
1. Scan the assay slide with a fluorescence microarray scanner using the 635-nm-laser. 2. Extract the net intensity of each spot using an analysis software (e.g. array-pro analyzer) 16 . 3. Calculate the limit of detection (LOD) of each protein using a statistics software and determine the protein concentrations in the samples.
NOTE: The LOD is defined as the Y-intercept of the standard curve incremented by three times the standard deviation of three independent assays.
Representative Results
The assay procedure for both single and double transfer methods is shown in Figure 1 . In single transfer, the cAbs are spotted directly on the assay slide and the dAbs are transferred onto the assay slide upon use in a mirror pattern of the cAbs (Figure 1a) . Only one transfer procedure is required, but this method suffers from misalignment between the two microarrays, mainly caused by the angular misalignment between the slide and the inkjet gantry (Figure 2) . One approach to tackle this challenge is to transfer both cAbs and dAbs sequentially onto the assay slide after spotting, and fixing the slides in the snap apparatus properly (Figure 1b) . Using this method, both microarrays are transferred to the exact same position. No image recognition system or alignment marker is required for the double transfer method. The misalignment for 98% of the spots was within 41 µm, 6-fold improvement compared to the single transfer method 14 .
The snap apparatus has been designed to be easy to use without any training and minimize the risk of array misalignment. The slides are brought together with accurate positioning thanks to alignment pins common to both assay and transfer slides. The transfer slide is slightly smaller to fit below the assay slide when suspended by the pogo pins, until the snap apparatus is closed. A spacer is included on the transfer slide maintaining a micrometer-sized gap that permits reliable droplet transfer to the glass slide. Finally, the cage and its closure tab are designed to apply pressure needed for effective transfer at every snap for reproducible, high quality transfer. A photo of the snap apparatus is shown in Figure 3 .
Representative images illustrating the results of reagent transfer onto a nitrocellulose slide and a glass slide are shown in Figure 4 . Alexa 532 labeled IgGs were used as the first reagent, and Alexa 647 labeled IgGs were used as the second reagent. After transfer, the slide was scanned with 532 nm and 635 nm lasers. The result shows that 3136 (for the nitrocellulose slide) or 1024 (for the glass slide) microspots were transferred with zero failure onto the assay slides and no cross-contamination was observed upon transferring the second reagent. When using glass slides, it is possible to create more hydrophobic surface by functionalization, thus reducing the size of each spot and decreasing the spot-tospot distance for transferring a larger number of spots. This work expands the application of the snap chip technology to commonly used glass substrates.
Standard curves of a 50-plex immunoassay targeting breast cancer related proteins are illustrated in Figure 5 , corresponding to the largest multiplex sandwich antibody microarray to date without cross-reactivity. Double-transfer method was used in this assay, the slide was scanned, and the fluorescence intensity was quantified to generate the standard curves. 35 out of 50 proteins reached LODs at pg/mL (see Table 1 ) and may be further improved by optimizing the assay conditions. Colocalization of reagents facilitates the use of multiple antibody pairs on a single slide without cross-reactivity and allows the optimization of each pair independently with no interference on other pairs Table 1 . Protein concentrations and LODs in buffer from the 50-plex assay. The LOD for CA 15-3 is in U/ml (*). Adapted from Reference 14 with permission.
Discussion
In this work, we have presented a snap chip technology that makes the cross-reactivity-free multiplex immunoassays widely available for the researchers with basic experimental setup. Different from existing antibody microarrays, no microarray spotter is needed for end-users. Both single and double transfer methods are demonstrated, and double transfer affords superior alignment accuracy down to ~ 40 μm for 98% spots, with the largest misalignment of 63 µm 14 . A novel snap apparatus was developed to conveniently snap the two slides with consistent pressure, making this technology accessible to researchers. Reliable reagent transfer is realized not only on nitrocellulose-coated slides, but also on regular glass slides, significantly expanding the application of this technology without the need of extensive training. To demonstrate the usability of the snap chip, a 50-plex immunoassay was conducted using pre-spotted and stored slides, and 70% of the proteins achieved LODs in the range of pg/mL 14 . Compared to existing multiplex immunoassays that apply dAbs as a mixture, an important benefit of the ACM and the snap chip technology is that the assays on a chip are independent to each other, thus allowing for adding or removing any antibody pairs without interfering with any other pairs. Tens to hundreds of proteins can be measured simultaneously with a snap chip, thus shortening assay time compared to other methods such as the automated serial measurement by sequential incubation which requires serial application of each antibody 17 . Only sub-nanoliter of each antibody is needed for the snap chip fabrication, making it more economic than conventional immunoassays.
The antibody concentrations used and the antigen incubation steps are critical to achieve high assay sensitivity. In the fabrication of the snap chips, antibody concentration can be optimized depending on the affinity of the antibody pairs and the types of the assay slides (nitrocellulose or non-nitrocellulose). The volumes of each antibody spot can be adjusted based on the spotter capacity and alignment accuracy, and the center-to-center spacing between the spots can be changed accordingly. After transferring cAbs to the assay slide, we incubated the assay slide at room temperature for 1 h. Overnight incubation at 4 °C might give better antibody binding capacity. BSA free stabilizer solutions (see the Table of  materials) were used here to block the assay slide after incubating cAbs. Other blocking reagents such as animal serum or milk may also work for this application.
In the multiplexed immunoassays, protocols for non-nitrocellulose slides with different surface chemistry can be developed and optimized. A different dilution factor can be used to make standard curves depending on the target proteins. Different fluorophores can be used to label dAbs, and the slide can be scanned using a laser at a different wavelength for signal collection.
Currently, a density of 625 spots/cm 2 has been achieved with double transfer method 14 . To further improve the multiplexing capability of the snap chip, several strategies are available. Firstly, smaller volumes can be used to reduce the size of the spots, thus allowing for shorter centerto-center distance between spots and increased array density. Secondly, one can choose a transfer slide with a more hydrophobic surface to reduce the spot size. Thirdly, better alignment between the two microarrays might be achieved by performing fine adjustment of the inkjet spotter, and further optimizing the spotting parameters such as the distance between nozzles and the slide surface.
As for all antibody-based immunoassays, the performance of the snap chip immunoassay is subject to the availability and quality of antibodies. The snap chip operates using a sandwich assay format, which is the most widely used assay format in ELISA owing to the high sensitivity and specificity afforded by the dual, sequential binding of a pair of antibodies targeting different epitopes, but it is dependent on the availability of a pair of compatible antibodies needed for capture and detection of the target protein.
The value of the snap chip technology is established for immunoassays, and it is expected that it may be used for any chemical and biochemical reactions that require applying different reagents without cross-contaminations 18, 19, 20, 21, 22 . Actually, the snap chip provides a general solution to delivering various pre-spotted reagents from microarray-to-microarray, thus disassociating the chip fabrication with the assay procedure, and therefore helps addressing the "macro-to-micro" interfacing challenge 23 . As an example, the snap chip has been used for a 4-plex homogeneous enzyme inhibition assay to analyze 128 conditions with precise timing, and comparable results to large volume experiments 14 . It has also been applied for multiplexed tissue staining. In addition, it can contribute to drug screening applications to test thousands of chemicals on different bacteria or cells, for single cell analysis 21, 24 , or to test different conditions in single or multi-step chemical reactions.
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